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Abstract –We propose an approach for achieving ground-state cooling of a nanomechanical res-
onator (NAMR) capacitively coupled to a triple quantum dot (TQD). This TQD is an electronic
analog of a three-level atom in Λ configuration which allows an electron to enter it via lower-
energy states and to exit only from a higher-energy state. By tuning the degeneracy of the two
lower-energy states in the TQD, an electron can be trapped in a dark state caused by destructive
quantum interference between the two tunneling pathways to the higher-energy state. Therefore,
ground-state cooling of an NAMR can be achieved when electrons absorb readily and repeatedly
energy quanta from the NAMR for excitations.
Introduction. – Nanomechanical resonators
(NAMRs) with high resonance frequencies and large
quality factors are currently attracting considerable
attentions owing to their wide range of potential applica-
tions (see, e.g., [1, 2]). Moreover, quantized NAMRs are
potentially useful for quantum information processing.
For example, quantized motion of buckling nanoscale
bars has been proposed for qubit implementation [3]
and also for creation of quantum entanglement [4–6].
However, the dynamics of the NAMRs must approach
the quantum regime, which is usually difficult to arrive
at due to interactions with other components as well as
the environments.
One way to achieve the quantum regime for an NAMR
is to increase the resonance frequency so that an energy
quantum of the NAMR is larger than the thermal energy.
Recently, NAMRs based on metallic beams [7] and car-
bon nanotubes [8] with resonance frequencies about sev-
eral hundred megahertz have been developed. However,
a temperature lower than 10 mK (below the typical dilu-
tion refrigerator temperature) is required for an NAMR
with a frequency of 200 MHz to operate in the quantum
regime. Therefore, one still needs to cool the NAMR fur-
ther, for instance via coupling to an optical or an on-chip
electronic system. Various experiments on the cooling of a
single NAMR via radiation pressure or dynamical backac-
tion have been reported (see, e.g., [9–15]). Other cooling
mechanisms based on a Cooper pair box [16] or a three-
level flux qubit [17] with periodic resonant coupling have
also been theoretically proposed. In these approaches,
a strong resonant coupling between the NAMR and the
qubit is required for the NAMR to achieve its ground-
state cooling.
In the weak coupling regime, a conventional method
for cooling an NAMR is the sideband cooling approach
(see, e.g., ref. [18–23]), where an NAMR is usually coupled
to a two-level system (TLS) with the two states being
electronic states in quantum dots [18–20], photonic states
in a cavity [21–23], or charge states in superconducting
circuits [24]. In order to achieve ground-state cooling, the
resolved-sideband cooling condition ωm ≫ Γ (with ωm
denoting the oscillating frequency of the NAMR and Γ the
decay rate of the TLS) must be followed to selectively drive
the lowest sideband of the TLS. However, the frequency of
a typical NAMR is about 100 MHz [7,8] which is in general
of the same order of the decay rate of the two-level system,
indicating that the resolved-sideband cooling condition is
not easy to be fully fulfilled.
In this letter, we propose a different approach to cool
an NAMR, in the non-resolved sideband cooling regime,
via quantum interference in a capacitively coupled triple
quantum dot (TQD) (see fig. 1(a)). Here we focus on the
strong Coulomb-blockade regime with at most one elec-
tron being allowed in the TQD at one time. The TQD acts
as a three-level system in Λ configuration (see fig. 1(b)),
in which the two dot states |1〉 and |2〉 (i.e., the single-
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Fig. 1: (Color online) (a) Schematic diagram of a TQD system.
Dots 1 and 2 are both tunnel-coupled to dot 3 (with interdot
coupling strengths Ω1 and Ω2, respectively) while they are only
capacitively coupled to each other. An NAMR is capacitively
coupled to dots 1 and 3 of the TQD. (b) A three-level system
in Λ configuration. The energy detuning of the laser frequency
ωa (ωb) from the transition frequency between state |1〉 (|2〉)
and state |3〉 is ∆1 (∆2). The corresponding driving strength
of the laser field is Ωa (Ωb).
electron orbital states in dots 1 and 2) are coupled to a
third (excited) state |3〉 via two tunnel barriers. We will
show that a dark state in the TQD can be obtained by
properly tuning the gate voltages to make the two lower-
energy states degenerate. This dark-state was previously
proposed in refs. [25] and [26] to explain the vanishing of
the charge current transporting through a TQD system.
Here, capacitively coupled to the TQD, the NAMR can
be cooled to its ground state, in analogy to the slowing
down of the atoms via quantum interference [27]. Our
approach has the following potential advantages: (i) The
cooling system presented here is completely electronic and
thus can be conveniently fabricated on a chip. (ii) By ad-
justing simply the gate voltages, the two degenerate lower-
energy states, required for destructive quantum interfer-
ence, are easily achieved. (iii) In contrast to the cooling of
an NAMR by coupling it to a superconducting qubit [28]
or time-dependent optical cavities [29], the decay rate Γ
of the higher-energy state of the TQD, which is equal to
the rate of electron tunneling from the TQD to the right
electrode, is tunable by varying the gate voltage.
Model. – The device layout of an NAMR coupled to
a TQD is shown in fig. 1(a). The TQD is connected to
three electrodes via tunnel barriers. In the TQD, dots 1
and 2 are only capacitively coupled to each other without
electrons tunneling directly between them. In contrast,
electrons can tunnel between dots 1 and 3 as well as be-
tween dots 2 and 3. Such capacitively coupled dots have
already been achieved in experiments (see, e.g., [30]). In
the strong Coulomb-blockade regime, four electronic states
need to be considered, i.e., the vacuum state |0〉, and states
|1〉, |2〉 and |3〉 corresponding to a single electron in the
respective dot. The NAMR is capacitively coupled to dots
1 and 3 as shown in fig. 1(a).
The total Hamiltonian of the whole system is
Htotal=H0 +Hint +HT +Hep. (1)
The unperturbed Hamiltonian H0 is defined as H0 =
HTQD +Hleads +HR +Hph, where
HTQD=−∆1a†1a1−∆2a†2a2
+(Ω1a
†
1a3 +Ω2a
†
2a3 +H.c.), (2)
Hleads=
∑
i,k
Eikc
†
ikcik, (3)
HR=ωmb
†b, (4)
Hph=
∑
q
ωqb
†
qbq, (5)
are Hamiltonians of the TQD, the electrodes, the NAMR
and the thermal bath, respectively. We have put ~ = 1.
The energy of state |3〉 is chosen as the zero-energy point
and −∆1(2) is the energy of state |1〉(|2〉) relative to state
|3〉. a†i creates an electron in the ith dot (i = 1, 2 or 3) and
c†ik (cik) is the creation (annihilation) operator of an elec-
tron with momentum k in the ith electrode. The phonon
operators b† and b create and annihilate an excitation of
frequency ωm in the NAMR, respectively. The thermal
bath is modeled as a bosonic bath with b†q (bq) being the
bosonic creation (annihilation) operator at frequency ωq.
The electromechanical coupling between the NAMR and
dots 1 and 3 of the TQD is given by
Hint = −(g3a†3a3 + g1a†1a1)(b† + b), (6)
with a coupling strength gi = ηiωm(i = 1, 3). For sim-
plicity we consider g3 = g1 = g (or η3 = η1 = η). For
a typical electromechanical coupling, η ∼ 0.1 (see, e.g.,
ref. [31]). The tunneling coupling between the TQD and
the electrodes is
HT =
∑
ik
(Ωik a
†
i cik +H.c.), (7)
where Ωik characterizes the coupling strength between the
ith dot and the associated electrode via a tunnel barrier.
Moreover, the coupling of the NAMR to the outside ther-
mal bath is characterized by
Hep =
∑
q
Ωq(b
†
qb+H.c.), (8)
with Ωq being the coupling strength.
Quantum dynamics of the triple quantum dot. –
Analogy between a TQD and a Λ-type three-level atom.
We now show that in the absence of the NAMR,
the TQD system is analogous to a typical Λ-type three-
level atom in the presence of two classical electromag-
netical fields (see fig. 1(b)). The Hamiltonian of the
field-driven Λ-type three-level system can be written as
HΛ = ω1a
†
1a1 + ω2a
†
2a2 + ω3a
†
3a3 + Ωa cos(ωat)(a
†
1a3 +
a†3a1) + Ωb cos(ωbt)(a
†
2a3 + a
†
3a2), where ωi (i = 1, 2 or
3) is the energy of the ith state in the three-level system;
ωa and ωb are the frequencies of the two driving fields with
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Ωa and Ωb being the corresponding driving strengths. In
order to eliminate the time-dependence of the Hamilto-
nian, we transform the system into a rotating frame de-
fined by UR = e
iRt with R = ωaa
†
1a1+ωba
†
2a2−ω3(a†1a1+
a†2a2+a
†
3a3).Within the rotating-wave approximation, the
Hamiltonian becomes
H˜Λ=−∆1a†1a1 −∆2a†2a2
+Ω1(a
†
1a3 + a
†
3a1) + Ω2(a
†
2a3 + a
†
3a2), (9)
where ∆1 = ω3 − ω1 − ωa and ∆2 = ω3 − ω2 − ωb are the
frequency detunings while Ω1 = Ωa/2 and Ω2 = Ωb/2 are
the effective driving strengths of the two fields. It is now
clear that the Hamiltonian in eq. (9) is formally equivalent
to that of the TQD described above (i.e., eq. (2)).
Dark state in the TQD. The existence of a dark state
in a Λ-type three-level atom in quantum optics is able
to suppress absorption or emission when the lower-energy
states become degenerate, i.e., ∆1 = ∆2. We demonstrate
below that a similar dark state also exists in the TQD and
can be used for the ground-state cooling of the NAMR.
After tracing over the degrees of freedom of the elec-
trodes, quantum dynamics of the TQD in the absence of
the NAMR is described by
ρ˙d=−i[HTQD, ρd]
+Γ1D[a†1]ρ+ Γ2D[a†2]ρd + Γ3D[a3]ρd, (10)
where ρd is the reduced density matrix of the TQD and Γi
(i = 1, 2 or 3) is the rate for electrons tunneling into or out
of the ith dot. The notation D for any operator A is given
by D[A]ρ = AρA† − 12 (A†Aρ + ρA†A). Considering equal
energy detunings of the two lower-energy states |1〉 and
|2〉 with respect to the excited state |3〉, i.e., ∆1 = ∆2 =
∆, the eigenstates |g〉, |−〉 and |+〉 of the TQD become
|g〉 = β|3〉 − αΩ(Ω1|1〉 + Ω2|2〉), |−〉 = 1Ω(Ω2|1〉 − Ω1|2〉)
and |+〉= α|3〉 + βΩ(Ω1|1〉 + Ω2|2〉), where α = cos(θ/2),
β = sin(θ/2), tan θ = 2Ω/∆ and Ω =
√
Ω21 +Ω
2
2. The
corresponding eigenenergies are Eg = −∆+φ2 , E− = −∆
and E+ = −∆−φ2 , with φ =
√
∆2 + 4Ω2. For simplicity,
we consider equal couplings of the three quantum dots to
the corresponding electrodes, i.e., Γ1 = Γ2 = Γ3 ≡ Γ.
Based on the eigenstate basis of the TQD, the equations
of motion for the reduced density matrix elements ρij ≡
〈i|ρd|j〉 (i, j = 0, g,− and +) of the TQD are obtained
from eq. (10) as
ρ˙00 = −2Γρ00 + Γβ2ρgg + Γα2ρ++ + Γαβ(ρ+g + ρg+),
ρ˙gg = Γα
2ρ00 − Γβ2ρgg − Γ
2
αβ(ρ+g + ρg+),
ρ˙−− = Γρ00,
ρ˙++ = Γβ
2ρ00 − Γα2ρ++ − Γ
2
αβ(ρ+g + ρg+),
ρ˙+g = −i(E+ − Eg)ρ+g − Γ
2
ρ+g − Γαβρ00
−Γ
2
αβ(ρ++ + ρgg). (11)
Here the diagonal elements ρ00, ρgg, ρ−− and ρ++ are the
probabilities of TQD in the states |0〉, |g〉, |−〉 and |+〉,
respectively, while the off-diagonal element ρ+g involves
the quantum coherence between states |+〉 and |g〉. Ef-
fective electron tunneling processes through the TQD are
described by these equations above. Firstly, an electron
can tunnel from the left electrodes into any of the three
eigenstates |g〉, |−〉 and |+〉 of an initially empty TQD,
with tunneling rates Γα2, Γ and Γβ2, respectively (see
eq. (11)). Note that the total tunneling rate is 2Γ since
each of the two tunnel barriers admits electrons with rate
Γ. Then, an electron in the eigenstate |g〉 (|+〉) can move
out of the TQD to the right electrode with a rate Γβ2
(Γα2) (see eq. (11)). However, no further tunneling oc-
curs if the state |−〉, which is orthogonal to |3〉, is occupied.
This results from the destructive quantum interference be-
tween the transition |1〉 → |3〉 (i.e., the electron tunneling
from state |1〉 to state |3〉 in the TQD system) and the
transition |2〉 → |3〉 (i.e., the electron tunneling from |2〉
to |3〉). Therefore, an electron can be trapped in the state
|−〉 which is called a dark state [25]. Furthermore, this
dark state depends on the initial condition and the prob-
ability of having no electron in the TQD (see eq. (11)).
Luckily, within the time scale for the ground-state cooling
of the NAMR, the dark state will always arise as shown
below.
Ground-state cooling of the nanomechanical res-
onator. –
Quantum dynamics of coupled NAMR-TQD system.
Rather than analyzing directly the energy exchange be-
tween the NAMR and the TQD which involves tedious
algebra, we apply a canonical transform U = eS on the
whole system, where S = η(a†3a3+a
†
1a1)(b−b†). The trans-
formed Hamiltonian is given by
H =UHtotalU
†
=Hleads +Hph + ωmb
†b −∆1a†1a1 −∆2a†2a2
+(Ω1a
†
1a3 +Ω2a
†
2a3B +H.c.)
+
∑
q
{Ωq b†q [b+ η(a†3a3 + a†1a1)] + H.c.}
+
∑
k
[Ω1k a
†
1 c1kB
† +Ω2k a
†
2 c2k
+Ω3k a
†
3 c3kB
† +H.c.], (12)
where we have neglected a small level shift of η2ωm to the
states |1〉 and |3〉 and defined B = exp[−η(b − b†)]. To
describe the quantum dynamics of the coupled NAMR-
TQD system, we have derived a master equation (under
the Born-Markov approximation) by tracing over the de-
grees of freedom of both the electrodes and the thermal
bath. Up to second order in η, the master equation can
be written as
dρ
dt
=−iωm[b†b, ρ]− i[HTQD, ρ]− i[V (b† − b), ρ]
−i[V ′(b† − b)2, ρ] + LTρ+ LDρ, (13)
p-3
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where
V = ηΩ2(a
†
2a3 − a†3a2), V ′=
η2
2
Ω2(a
†
2a3 + a
†
3a2),
LTρ=L(1)T ρ+ L(2)T ρ,
L(1)T ρ=ΓD[a†1]ρ+ ΓD[a†2]ρ+ ΓD[a3]ρ,
L(2)T ρ=−η2ΓD[a†1]ρ− η2ΓD[a3]ρ
+η2Γ(D[a†1b†]ρ+D[a†1b]ρ (14)
+D[a3b†]ρ+D[a3b]ρ)
+η2Γ(a1a
†
1b
†bρ+ ρb†ba1a
†
1 − a†1ρb†ba1
−a†1b†bρa1 + a†3b†ba3ρ+ ρa†3b†ba3
−a3ρa†3b†b− b†ba3ρa†3),
LDρ = γ[n(ωm) + 1]D[b]ρ+ γn(ωm)D[b†]ρ.
Here LT and LD are Liouvillian operators: LTρ accounts
for the dissipation due to the electrodes and LDρ the dis-
sipation in the NAMR induced by the thermal bath. Also,
γ denotes the decay rate of excitations in the NAMR in-
duced by the thermal bath and n(ωm) is the average bo-
son number at frequency ωm in the thermal bath. Usually,
γ ≪ Γ for an NAMR, so LDρ is a higher-order term.
Quantum dynamics of the NAMR. In order to ex-
tract the dynamics of NAMR, we trace out the degrees
of freedom of the TQD, which can be regarded as part
of the environment experienced by the NAMR. This is
achieved through adiabatical elimination [21, 32] in the
limit γ ≪ g ≪ ωm, corresponding to a weak coupling
of the NAMR with the TQD. At zeroth order in η in
which NAMR and TQD are decoupled, the dynamics of
the whole system is governed by
dρ
dt
= L0ρ, (15)
where the Liouvillian operator L0 is defined by L0ρ ≡
−iωm[b†b, ρ]−i[HTQD, ρ]+L(1)T ρ. The steady-state solution
to eq. (15) can be expanded [27, 32] in the basis of ρnn′ =
|n〉〈n′| ⊗ ρss, with |n〉 being eigenstates of the NAMR
Hamiltonian (i.e., HR |n〉 = nωm |n〉) and ρss the density
operator ρd of the TQD in the steady state (which is the
solution to eq. (10) when dρd/dt = 0). Here ρnn′ are the
eigenvectors of L0: L0 |n〉〈n′| ⊗ ρss= 0 (n, n′ = 0, 1, . . .) ,
corresponding to the eigenvalues λnn′ = −i (n− n′)ωm.
In particular, for the zero eigenvalue λ0 ≡ λnn = 0, the
eigenvectors are given by L0 |n〉〈n|⊗ρss=0 (n = 0, 1, . . .) ,
which are infinitely degenerate. The zeroth-order Liouville
eigenstates with λ0 = 0 are connected by the operators L1
(L1ρ≡−i[V (b† − b), ρ]) and L2 (L2ρ≡−i[V ′(b† − b)2, ρ] +
L(2)T ρ + LDρ) to the subspaces associated with nonzero
eigenvalues λk 6= 0 (k = 1, 2, · · · ). This is due to the cou-
pling between the NAMR and TQD. In the regime g ≪ ωm
(i.e., η ≪ 1), such coupling is weak and can be analyzed
using perturbation theory and adiabatic elimination. We
define a projection operatorP on the subspace with zero
eigenvalueλ0 = 0 of L0 according to
Pρ≡ PNAMR ⊗ PTQD, (16)
where
PNAMRX ≡
∑
n
|n〉〈n|〈n|X |n〉 ,
PTQDX ≡ ρssTrTQDX. (17)
Projection of the above master equation (13) gives the
master equation for the reduced density matrix µ of the
NAMR, up to second order in η,
µ˙=−i(ωm + δm)[b†b, µ] + 1
2
{γ[n(ωm) + 1] +A−(ωm)}
×[2bµb† − (b†bµ+ µb†b)]
+
1
2
[γn(ωm) +A+(ωm)][2b
†µb− (bb†µ+ µbb†)]. (18)
Here δm is the driving-induced shift of the NAMR fre-
quency given by δm = Im [G (iωm) +G (−iωm)] , where
G (s)=−〈V˜ (s)V (0)〉with V˜ (s) being the Laplace trans-
form of V (s) . In eq. (18), A+ and A− are induced
by the coupling to the TQD and are given by A± =
2Re [G (±iωm)] + η2Γ (ρst00 + ρst33) , where ρst00 and ρst33 are
steady-state probabilities of the states |0〉 (empty TQD)
and |3〉 (single electron in dot 3), respectively.
Average phonon number. From master equation (18),
the evolution equation for the phonon number probability
distribution pn = 〈n|µ|n〉 of the NAMR is obtained as
dpn
dt
=
{
γ[n(ωm) + 1] +A−
}
[(n+ 1)pn+1 − npn]
+[γn(ωm) +A+][npn−1 − (n+ 1)pn]. (19)
Hence the evolution of the average phonon number, 〈n〉 =∑
n npn, in the NAMR is described by
d 〈n〉
dt
= −(γ +W )〈n〉+ γn(ωm) +A+, (20)
where W = A− − A+. In order to cool the NAMR, one
needs W > 0 (i.e., A− > A+). Consequently, the steady-
state average phonon number in the NAMR is
nst =
γn(ωm) +A+
γ +W
. (21)
Here the term γn(ωm) in the numerator is due to the ther-
mal bath while A+ results from the scattering processes by
the TQD. We assume that the NAMR is initially at equi-
librium with the thermal bath, so that its phonon number
is initially n(ωm). In order to cool down the NAMR sig-
nificantly, i.e., nst ≪ n(ωm), one needs a large cooling
rate W ≫ γ. This indeed can be achieved using typical
experimental parameters and will be shown below.
The transition rates A± under the condition ∆1 = ∆2 ≡
∆ appropriate for the dark state are found to be
A±=
4η2Ω21Ω
2
2
Ω2
ω2mΓ
4[Ω2 − ωm(ωm ±∆)]2 + ω2mΓ2
+η2Γ
(
ρst00 + ρ
st
33
)
. (22)
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Fig. 2: (Color online) Schematic diagram of the transitions
in the coupled NAMR-TQD system, where the cooling process
dominates over the heating process. When the frequency of the
NAMR is equal to the transition frequency between states |−〉
and |+〉, i.e., ωm = (φ+∆)/2, the process |−, n〉 → |+, n− 1〉
is resonantly enhanced while the process |−, n〉 → |+, n + 1〉
is suppressed. A subsequent tunneling of an electron from the
excited state |+〉 to the right electrode (i.e., |+, n−1〉 → |0, n−
1〉) is followed by another tunneling process with an electron
transporting from the left electrode to the dark state |−〉 (i.e.,
|0, n − 1〉 → |−, n− 1〉), so as to extract a quantum of energy
from the NAMR.
To cool the NAMR, one needs A− > A+, which is fulfilled
either when ∆ > 0 and Ω < ωm, or when ∆ < 0 and
Ω > ωm. Assuming also W ≫ γ, the steady-state average
phonon number in the NAMR is approximately given by
nst ≈ γn(ωm)/W + nf , where
nf ≡ A+
W
=
4[Ω2 − ωm(ωm −∆)]2 + ω2mΓ2
16∆ωm(ω2m − Ω2)
. (23)
It is easy to see that nf reaches a minimum n
min
f =
(Γ/4∆)
2
, when the term inside the square brackets in the
r.h.s. of eq. (23) becomes zero, i.e.,
Ω2 = ωm(ωm −∆), (24)
or ωm = (φ + ∆)/2. The optimal cooling condition in
eq. (24) can be fulfilled by properly choosing the parame-
ters Ω, ωm, and ∆. Then, the steady-state average phonon
number in the NAMR can be much smaller than unity pro-
vided ∆ ≫ Γ, implying that ground-state cooling of the
NAMR is possible. The phonon number nf attainable ac-
cording to eq. (23) is identical to the previous result for the
cooling of trapped atoms via quantum interference [27].
However, solid-state cooling system proposed here has no-
table advantages such as easy fabrication on a single chip
and high controllability. Specifically, all the relevant pa-
rameters (i.e., the detuning ∆, the tunneling rate Γ and
the interdot coupling strengths Ω1 and Ω2) can be con-
trolled by tuning the gate voltages in the TQD. Thus, the
optimal cooling condition in eq. (24) can be conveniently
fulfilled for a specified frequency ωm of the NAMR.
The underlying physics of the optimal cooling condi-
tion in eq. (24) can be understood more intuitively in the
eigenstate basis of the TQD. In the limit γ ≪ g ≪ ωm
Fig. 3: (Color online) Contour plot of the steady-state av-
erage phonon number nst in the NAMR as a function of the
normalized driving detuning ∆/ωm and the interdot coupling
Ω/ωm. The two solid curves correspond to nst = 0.05 and
0.02. The black dashed line represents Ω2 = ωm(ωm −∆), un-
der which the NAMR can be optimally cooled. We have chosen
Ω1 = Ω2 = Ω/
√
2 and typical parameters ωm = 2pi×100 MHz,
Γ = ωm, Q = 10
5, η = 0.1, and n(ωm) = 21.
considered here, the TQD arrives quickly at the dark
state |−〉, compared with the dynamic time scale of the
NAMR. Therefore, the TQD is practically always main-
tained in the dark state. The coupling between the
NAMR and the TQD excites the electron to the state
|+〉 most readily when the frequency ωm of the NAMR
is equal to the transition frequency (φ + ∆)/2 between
the states |−〉 and |+〉, i.e., ωm = (φ +∆)/2. This corre-
sponds to the transition |−, n〉 → |+, n− 1〉. The excited
electron subsequently tunnels to the right electrode, i.e.,
|+, n−1〉 → |0, n−1〉.Meanwhile, another electron tunnels
into the TQD, and then the dark state returns promptly,
i.e., |0, n− 1〉 → |−, n− 1〉. This whole process extracts an
energy quantum from the NAMR. Therefore, the NAMR
will be cooled to the ground state when this cycle repeats,
i.e., |−, n〉 → |+, n− 1〉 → |0, n− 1〉 → |−, n− 1〉 →· · · ,
as illustrated in fig. 2. Here we emphasize that the condi-
tion of resonance transition for TQD from the state |−〉 to
the state |+〉 via the NAMR is equivalent to the optimal
cooling condition in eq. (24). Although an electron may
also relax from the dark state |−〉 to the ground state |g〉
by releasing energy to the NAMR, this heating process of
the NAMR is strongly suppressed because the frequency
of the NAMR is off-resonant to the transition |−〉 → |g〉
in the TQD.
Figure 3 displays a contour plot of the steady-state av-
erage phonon number of the NAMR (nst) as a function of
the effective interdot coupling Ω (=
√
Ω21 +Ω
2
2) and the
energy detuning ∆. Here we choose ∆ < 0 and Ω > ωm
to make sure that W > 0. For these typical parameters,
a small nst < 0.05 is predicted over a wide range of val-
ues on the Ω −∆ plane, which implies that ground-state
cooling of the NAMR should be experimentally accessi-
ble. Furthermore, from eq. (22), we obtain a cooling rate
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W ≈ 2pi×8.52 MHz by using typical experimental param-
eters [7, 33, 34]: ωm= 2pi × 100 MHz, ∆ = −2pi × 40 GHz
and g = 2pi× 10 MHz, as well as by choosing the interdot
couplings Ω1 = Ω2 ≃ 2pi × 1.41 GHz to fulfill the opti-
mal cooling condition Ω2 = ωm(ωm −∆). Considering an
NAMR with a quality factor Q = 105 (see, e.g., ref. [8]),
one has γ = ωm/Q = 2pi × 1kHz. Therefore, appreciable
cooling with W ≫ γ can be achieved. In this case, an
NAMR can be cooled from, e.g., an initial temperature
Tm = 100 mK, corresponding to n(ωm) = 21, down to
T = 0.8 mK with nst = 0.0025. Starting from an ini-
tial temperature Tm, the final temperature of the cooled
NAMR should be bound by [35] T ∗= ωm|∆|Tm. In the pa-
rameter regime we studied above, T ∗ = 0.25 mK, which is
indeed lower than the achieved temperature T = 0.8 mK.
Moreover, it should be noted that the resolved-sideband
cooling condition ωm ≫ Γ is not required in our scheme.
Finally, note that in addition to the electrodes coupled
to the TQD, there are incoherent processes induced by
other degrees of freedom (e.g., background charge fluctu-
ations) in the environment. These processes will affect
the dark state of the TQD and then limit the cooling ef-
ficiency. Thus, one needs to produce a high-quality TQD
with good quantum coherence.
Conclusion. – In summary, we have proposed an
approach for achieving the ground-state cooling of an
NAMR. It is shown that a dark state, which is decou-
pled from the excited state, can appear in the TQD in the
absence of the NAMR when its two lower-energy localized
states become degenerate. With the NAMR capacitively
coupled to the TQD and being in resonance with the tran-
sition between the dark state and the excited eigenstate in
the TQD, we have shown that the ground-state cooling of
an NAMR can be achieved in the non-resolved sideband
cooling regime.
∗ ∗ ∗
This work was supported by the National Basic Re-
search Program of China Grant No. 2009CB929300, the
National Natural Science Foundation of China Grant No.
10625416, and the Hong Kong GRF Grant No. 5009/08P.
REFERENCES
[1] Schwab K. C. and Roukes M. L., Phys.Today, 58,
No. 7 (2005) 36.
[2] O’Connell A. D. et al., Nature, 464 (2010) 697.
[3] Savel’ev S., Hu X. and Nori F., New J. Phys., 8 (2006)
105;
[4] Vitali D. et al., Phys. Rev. Lett., 98 (2007) 030405.
[5] Hartmann M. J. and Plenio M. B., Phys. Rev. Lett.,
101 (2008) 200503.
[6] Tian L. and Zoller P., Phys. Rev. Lett., 93 (2004)
266403.
[7] Li T. F. et al., Appl. Phys. Lett., 92 (2008) 043112.
[8] Hu¨ttel A. K. et al., Nano Lett., 9 (2009) 2547.
[9] Metzger C. H. and Karrai K., Nature, 432 (2004)
1002.
[10] Gigan S. et al., Nature, 444 (2006) 67; Naik A. et al.,
Nature, 443 (2006) 193.
[11] Kleckner D. and Bouwmeester D., Nature, 444
(2006) 75.
[12] Arcizet O. et al., Nature, 444 (2006) 71.
[13] Schliesser A. et al., Phys. Rev. Lett., 97 (2006) 243905;
Kippenberg T. J. et al., Phys. Rev. Lett., 95 (2005)
033901.
[14] Poggio M., Degen C. L., Mamin H. J. and Rugar D.,
Phys. Rev. Lett., 99 (2007) 017201.
[15] Teufel J. D., Regal C. A. and Lehnert K. W., New
J. Phys., 10 (2008) 095002.
[16] Zhang P., Wang Y. D. and Sun C. P., Phys. Rev. Lett.,
95 (2005) 097204;
[17] You J. Q., Liu Y. X. and Nori F., Phys. Rev. Lett.,
100 (2008) 047001.
[18] Wilson-Rae I., Zoller P. and Imamoglu A., Phys.
Rev. Lett., 92 (2004) 075507.
[19] Ouyang S. H., You J. Q. and Nori F., Phys. Rev. B,
79 (2009) 075304.
[20] Zippilli S., Morigi G. and Bachtold A., Phys. Rev.
Lett., 102 (2009) 096804.
[21] Wilson-Rae I., Nooshi N., Zwerger W. and Kippen-
berg T. J., Phys. Rev. Lett., 99 (2007) 093901;
[22] Marquardt F., Chen J. P., Clerk A. A. and Girvin
S. M., Phys. Rev. Lett., 99 (2007) 093902.
[23] Schliesser A. et al., Nat. Phys., 4 (2008) 415.
[24] See, e.g., You J. Q. and Nori F., Phys. Today, 58,
No. 11 (2005) 42.
[25] Michaelis B., Emary C. and Beenakker C. W. J.,
Europhys. Lett., 63 (2006) 677; Emary C., Phys. Rev. B,
76 (2007) 245319.
[26] Poltl C., Emary C. and Brandes T., Phys. Rev. B, 80
(2009) 115313.
[27] Morigi G., Eschner J. and Keitel C. H., Phys. Rev.
Lett., 85 (2000) 4458; G. Morigi, Phys. Rev. A, 67
(2003) 033402.
[28] Xia K. and Evers J., Phys. Rev. Lett., 103 (2009)
227203.
[29] Li Y., Wu L. A. and Wang Z. D., Phys. Rev. A, 83
(2011) 043804.
[30] McClure D. T. et al., Phys. Rev. Lett., 98 (2007)
056801.
[31] Lambert N. and Nori F., Phys. Rev. B, 78 (2008)
214302.
[32] Cirac J. I., Blatt R., Zoller P. and Phillips W. D.,
Phys. Rev. A, 46 (1992) 2668.
[33] Onac E. et al., Phys. Rev. Lett., 96 (2006) 176601.
[34] Gustavsson S. et al., Phys. Rev. Lett., 99 (2007) 206804.
[35] Grajcar M., Ashhab S., Johansson J. R. and Nori
F., Phys. Rev. B, 78 (2008) 035406.
p-6
